Previous studies have shown that early life stress in the form of intermittent maternal separation (MS) predisposes adult rats to develop stress-induced intestinal mucosal dysfunction and visceral hypersensitivity. However, the mechanism involved in the functional abnormalities is unclear. Our aim was to study immature animals during or shortly after exposure to MS to determine whether there are early pathophysiological changes in the gut. SpragueDawley rat pups were individually separated from the dam for 3 h/d from 4 to 21 d of age; nonseparated (NS) control pups remained in the home cage with the dam. On d 19 -20, d 24 -25, and d 29 -30, blood was collected for corticosterone measurement, and colonic tissues were removed for functional and morphologic assessment. Corticosteroid levels were elevated in MS pups compared with NS, indicating that MS was indeed stressful. The distal colon demonstrated significantly enhanced ion secretion and macromolecular permeability at d 19 -20 and d 24 -25, returning to normal by d 29 -30. Electron microscopy and bacterial culture studies indicated bacteria adhering to and penetrating into the colonic epithelium of the MS pups at all time points, while such events were rare in NS pups. The pathophysiological changes were inhibited by injecting pups sc with a corticotropin-releasing hormone (CRH) receptor antagonist daily during MS. Our studies indicate that early psychological trauma predisposes neonatal rats to develop persistent mucosal barrier dysfunction, including impaired host defense to luminal bacteria, by a mechanism involving peripheral CRH receptors. (Pediatr Res 59: [83][84][85][86][87] [88] 2006) 
C
hildhood psychosocial factors and long-term stress are important in the pathogenesis of certain disorders such as anxiety and depression (1) . Early life stressors also increase the risk of intestinal disorders such as irritable bowel syndrome (IBS) and inflammatory bowel disease in adulthood (2) . Chronic stress and abuse therefore contribute to the development of both psychological and somatic disease states (3) .
In rodents, neonatal MS is a well-characterized model of early life stress that has been used to study depression and anxiety (4, 5) . More recently, MS has been used as an animal model in the investigation of intestinal dysfunction. Subjecting pups to daily MS during the neonatal period results in marked alterations in behavior (6, 7) and physiology (8 -11) in later life. MS is associated with gut inflammation in adult rats (10) , which is thought to be maintained by nerve growth factor (9) . In addition, exposure to early life stress affects colonic motility and induces visceral hyperalgesia both basally (12) and in response to an acute stressor in adulthood (11) . Previous studies from our group (8) indicate that adult rats exposed to MS as neonates become susceptible to intestinal mucosal pathophysiology when exposed to mild acute stress. The link between early events and intestinal pathophysiology in adulthood is unclear.
The first 2 wk of life in rats are characterized by a stress hyporesponsive period, during which the neonate is unable to increase circulating glucocorticoid levels (13) . Life stress, in the form of moderate periods of MS, during this stage of development results in changes in the central nervous system, accompanied by a compromised ability to control the synthesis of CRH in response to acute laboratory stressors (14) . CRH may play an important role in modulating brain-gut functions in patients with irritable bowel syndrome (IBS) (15) . Evidence has also shown that this neuropeptide is involved in gut hypersensitivity in rodent models of IBS (16) . In adult rats exposed to acute stress, peripheral CRH receptors have been implicated in stress-induced gut changes including enhanced mucin release (17) , ion secretion (18) , and permeability (16, 18) . In addition, we previously reported (8) that the stressinduced alterations in colonic mucosal function in adult rats, maternally separated as infants, were inhibited following a single i.p. administration of a nonselective CRH receptor antagonist before stress exposure. This suggests the involvement of peripheral CRH receptors in the intestinal response of adult rats to acute stress (8) . However, the mechanism by which neonatal trauma alters the vulnerability of adult rats to develop stress-induced gut pathophysiology has not been described.
Maturation of the intestinal mucosal barrier occurs in the neonatal period in rodents with the absorption of intact macromolecules being elevated at birth and decreasing with age (19) . It has been found that macromolecules are more adherent to the surface of immature cells than mature cells and that transport occurs more readily in young animals, falling rapidly with gut closure (20) . However, to our knowledge, colonic mucosal barrier function to antigens and microbes in rat pups has not been reported under control versus stress conditions. Our aim was to examine the immediate effects of early psychological trauma on immature intestinal mucosal function and the potential role of CRH receptors in the development of gut pathophysiology. Neonatal rats subjected to daily periods of MS demonstrated rapidly altered colonic physiology and impaired host defense to luminal bacteria. Studies using a CRH receptor antagonist injected subcutaneously implicated peripheral CRH receptors. Such changes in early life may contribute to the development of a stress-susceptible phenotype in later life.
METHODS

Animals.
Primiparous timed-pregnant Sprague-Dawley female rats were obtained from Charles-River Laboratories (St. Constant, Quebec) on gestational d 13-14. Dams were individually housed in cages lined with chip bedding on a 12:12-h light-dark cycle with free access to food and water. Day of birth was considered to be d 1. All procedures were approved by the Animal Care Committee at McMaster University.
Study design. To examine the direct effects of MS on colonic physiology, neonatal rat pups were exposed to the separation protocol from d 4 until d 18 or 19 and killed the following day. Pups were killed at the same time each day to limit the effects of circadian rhythm. To examine whether the effects of MS were persistent, a timeline was created with some pups subjected to MS (d 4 -21), weaned on d 22 and studied on d 24 -25 or 29 -30. Rat pups were killed by decapitation and trunk blood was collected. Colonic tissue was excised and placed on ice. Segments were mounted in Ussing chambers for functional studies. Additional segments were processed for light or electron microscopy for morphologic assessment. Body weight and colonic length were recorded. In a second set of experiments, rat pups were injected subcutaneously with a CRH receptor antagonist daily immediately before MS.
Separation protocol. Dams and their litters (culled to 12 pups) were randomly assigned to the MS protocol or to the control nonseparated (NS) protocol. MS pups were individually separated from the dam for 3 h/d from d 4 to 21 of life (as described below), whereas NS pups remained in their home cage with the dam and left undisturbed. MS pups were removed from the home cage and placed individually into compartmentalized holding cages lined with bedding. Cages were maintained at 37 Ϯ 0.5°C by placing them on temperature controlled heating pads. MS was performed at the same time each day to minimize the effects of circadian rhythm. Pups were weaned on d 22 and housed in small groups (three to four) until further use. All procedures were approved by the Animal Care Committee at McMaster University.
Corticosterone. Serum was isolated from trunk blood via centrifugation and frozen at -20°C until analysis. Corticosterone was measured by radioimmunoassay (ICN, Costa Mesa, CA).
Using chamber studies. Segments of colon (distal or proximal) were opened along the mesenteric border, cut into flat sheets and mounted in Using chambers (WP Instruments, Narco Scientific, Mississauga, Ontario), exposing 0.6 cm 2 of tissue area to 8 mL of circulating oxygenated Krebs buffer (in mmol/L: 115 NaCl, 1.25 CaCl 2 , 1.2 MgCl 2 , 2.0 KH 2 PO 4 , and 25 NaHCO 3 , pH 7.35 Ϯ 0.02, 37°C). Glucose (10 mmol/L) was added to the serosal buffer, and balanced by mannitol (10 mmol/L) in the mucosal buffer. Agar-salt bridges were used to monitor the potential difference across the tissue and inject the required short-circuit current (Isc). This maintains a zero potential difference as registered by automated voltage clamps. A computer system recorded Isc continuously. Baseline Isc values were obtained 15 min after the tissues were mounted. Isc, an indicator of active ion transport, was expressed in microamperes per square centimeter.
Macromolecular permeability. Horseradish peroxidase (HRP) (44 kd) was used as a probe to examine the effects of stress on macromolecular permeability. Type VI HRP (Sigma Chemical Co., St. Louis, MO) was added (10 Ϫ5 mol/L) to the luminal buffer once equilibrium was reached, 15 min following mounting. Serosal samples (500 L) were taken at 30-min intervals for 2 h and replaced with fresh buffer. HRP activity was measured in duplicate using a modified Worthington kinetic assay as previously described (21) . Phosphate buffer (containing 0.003% hydrogen peroxide and 80g/mL o-dianisidine) was added and enzymatic activity was determined based on the rate of increase in OD at 460 nm for 15 min. The flux of HRP from the mucosa to serosa was calculated as the average value of two consecutive stable flux periods (60 -90 and 90 -120 min). HRP flux was expressed as picomoles per square centimeter per hour.
Bacterial adherence/penetration/translocation. Distal colonic tissue and spleen samples were collected for measurement of adherent, penetrating, and translocating bacteria. Tissue, 1-to 2-cm long pieces, was excised from rat pups, weighed, and rinsed in 10 mL of sterile PBS. Segments were cut longitudinally and vortexed three times in 1 mL of sterile saline. Pieces were then homogenized in 1 mL of sterile Triton-X 100 (0.1%) and diluted (1:2, 1:10, and 1:100). The dilutions were then spread (100 L) on blood agar plates (PML Microbiologicals, Mississauga, ON) and incubated at 37°C. After 24 h, the plates were examined for growth and visible colonies were counted and expressed as colony-forming units (CFUs) per gram of tissue (22) .
Morphology: Histology. Distal colonic tissues were collected, fixed in formalin, embedded in paraffin, and subsequently stained with hematoxylin and eosin. Crypt length was measured via micrometer in coded sections.
Morphology: Ultrastructural studies. Distal colonic tissues were immediately fixed in 2.5% glutaraldehyde in a 0.1 mol/L sodium-cacodylate buffer (pH 7.4) for 2 h at 22°C, rinsed with 0.05 cacodylate buffer (pH 7.6) at 4°C for 18 h, washed three times for 5 min each time, and processed for routine transmission electron microscopy (23). Ultra-thin tissue segments were cut to obtain longitudinal sections of epithelial cells and placed on copper grids. The slides were then stained with uranyl acetate and lead citrate. Observations were recorded in a blinded manner.
Myeloperoxidase (MPO) assay. MPO is an enzyme found within the granules of neutrophils and is used as a marker for tissue inflammation (24) . Tissue samples from the distal colon were collected, snap frozen in liquid nitrogen, and MPO activity was measured as previously described (25) . Data are expressed as units (U)/mg tissue where 1 U is the quantity of MPO required to convert 1 mol/L of H 2 O 2 into water in 1 min at 22°C.
Nonselective CRH receptor antagonists. Rat pups were injected s.c. with the nonreceptor specific CRH antagonist, ␣-helical CRH (9-41) (Sigma Chemical Co.; 100 L, 250 g/kg), daily on d 4 -20, immediately before MS. This dose has been previously shown to inhibit CRH-induced barrier dysfunction and other aspects of gut pathophysiology (8, 18) . Saline was used as a vehicle control. The NS pups were removed from the dam and injected, then returned to the home cage.
Statistics. Results are expressed as the mean Ϯ SE. Groups were compared using the analysis of variance (ANOVA) and Mann-Whitney tests were used for post hoc comparisons where appropriate. Differences of p Ͻ 0.05 were considered to be significant.
RESULTS
MS did not affect body weight or colonic length.
No significant deficiencies in body weight or colonic length were found in MS versus NS pups ( Table 1 ), indicating that the MS pups were receiving adequate nutrition and normal growth was not affected. (Fig. 1) .
MS altered mucosal physiology in distal but not proximal colon. Baseline Isc in the distal colon exhibited higher values than those in the proximal colon in both NS control and MS pups at the two earliest time points (Fig. 2) . MS had no effect on Isc in the proximal colon ( Fig. 2A) , but did result in significantly (p Ͻ 0.05) elevated Isc in the distal colon ( HRP flux was also higher in the distal compared with the proximal colon, but only at the earliest time point (Fig. 3) . MS had no effect on HRP flux in the proximal colon (Fig. 3A) , but significantly (p Ͻ 0.05) increased the flux in the distal colon ( MS resulted in bacterial adherence and penetration into the lamina propria. Electron microscopic sections of the distal colon from all MS pups showed the presence of bacteria adhering to the epithelium and/or penetrating into the mucosa (Fig. 4 B, D, F) ; however, no such organisms were identified in any sections from NS pups (Fig. 4A, C, E) . Bacterial adherence and penetration were confirmed by culturing washed segments of distal colon and enumerating bacterial colonies on blood agar after 24 h of incubation. A significant increase in numbers of CFUs was found in MS compared with NS pups at days 19 -20, 24 -25, and 29 -30 d (Table 2 ). (Fig. 5 A) .
MS caused an increase in crypt length. Since gut inflammation can stimulate proliferation of crypt stem cells increasing the length of the crypts in the small intestine (27,28), we conducted measurements on colonic sections by light microscopy. The crypt length in the distal colon was significantly (p Ͻ 0.05) increased in MS pups compared with NS pups at all three time points (Fig. 5B) .
Effects of MS on colonic mucosal function are mediated by CRH receptors. To determine the role of CRH receptors in the effects of MS on colonic mucosal dysfunction in rat pups, the animals were injected with ␣-helical CRH (9-41) antagonist or vehicle daily before exposure to MS. )/g tissue) (eight to 13 animals per group) (Fig. 6) . There was no effect of ␣-helical CRH on values in NS pups. The antagonist also decreased the values for circulating corticosterone in MS pups (to 18.0 Ϯ 9.8% of saline controls) but had no significant effect in NS pups (86.8 Ϯ 13.8% of saline controls).
DISCUSSION
Our study identifies for the first time that exposing rat pups to neonatal MS causes an immediate and long-lasting disruption of distal colonic mucosal barrier function. MS pups displayed stimulated ion secretion and enhanced macromolecular permeability both during and after the MS period. In addition, we documented altered bacterial-epithelial interactions, including increased adherence and penetration of bacteria as indicated by both imaging and culture techniques. While some aspects of barrier function returned to normal within several days, impaired host defense to microbes persisted. Our finding that administration of a CRH receptor antagonist to rat pups at the time of separation inhibited the development of barrier defects implicates CRH receptor signaling in the mechanism leading to gut pathophysiology.
Studies in neonatal rats have reported a change in the circulating levels of corticosterone during development (26) . During the stress-hyporesponsive period (d 4 -14) , the corticosterone response is almost entirely inhibited (29) . Following this period, there is a concomitant rise in corticosterone levels (d [12] [13] [14] that tapers off by approximately d 22-24, coinciding with spontaneous weaning (26) . The timing of these changes is thought to serve as a cue for changes in digestive enzymes that occur in the intestine in the third postnatal week (26) . Our findings in rat pups exposed to the NS protocol were consistent with this literature, with elevated serum corticosterone levels at d 19 -20, decreasing to normal adult levels by d 29 -30. Compared with the controls, exposure of pups to MS resulted in significantly increased levels of corticosterone, indicating that these pups did indeed experience stress as a result of the separation. In addition, the values were still elevated 10 d after MS, indicating a long-lasting effect.
In the rat, there are distinct differences between the adult and immature colon in both structure and function, with both age-and region-related changes. There is a transient appearance of villi within the proximal colon during the first two postnatal weeks with the epithelial cells resembling ileal absorptive cells, while the distal colon never develops these villi and appears to have a more simple, flat mucosa (30) . The transition to adult-like epithelium occurs during the third postnatal week, where the transient villi of the proximal colon are lost and the adult structure is established (30) . These events may account for functional differences between regions of colon and at specific times after birth. In addition, there are differences in innervation between the proximal and distal colon (31) . Developmental studies in rats have found an age-correlated decrease in net water and electrolyte transport in the colon (region not specified), which coincides with weaning (32) , and high small intestinal permeability to macromolecules postnatally that decreases with the progress of gut closure (d 24 -26) (33) .
Our studies demonstrated a highly elevated Isc only in the distal colon, which reached the much lower adult levels at d 29 -30 of age. This trend was not apparent for macromolecular permeability in either the proximal or distal colon. However, our studies clearly demonstrated that the distal colon of the immature rat is particularly sensitive to the effects of MS, with both Isc and HRP flux being significantly increased during MS (d 19 -20) and after MS (d 24 -25) . With respect to the barrier, the uptake of the antigen-sized protein HRP was 5-fold greater 
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in MS pups than in NS pups. Ten days later, these values for intestinal physiology had returned to the normal range. Subsequent studies focused on the distal colon.
We found that the distal colonic barrier defect in MS pups extended to host defense against microbes. Although it is known that bacterial uptake is greater in neonates than in older animals (34), we recorded a clear difference between MS and NS rats. Electron microscopy showed bacteria penetrating between and within distal colonic epithelial cells. There appeared to be more organisms in the mucosal tissues at the two earlier time points. This was confirmed by the growth of more CFUs at 19 -20 d than at 24 -25 d and fewer at 29 -30 d. This penetration was detrimental to the host, as indicated by the numbers of CFUs translocating to the spleen. These alterations in host defense to bacteria are unlikely to be a direct effect of elevated glucocorticoids since another study in rats (35) demonstrated that s.c. placement of a corticosterone pellet alone did not affect bacterial translocation to the blood or viscera unless combined with thermal injury.
MPO activity in the mucosa was increased, suggesting a degree of inflammatory response to the uptake of microbes/ microbial products. In addition, the crypt length was increased, a finding previously associated with activation of immune cells (27, 28) . These findings are similar to those described for adult rats in which exposure to chronic water avoidance stress (36) induced bacterial penetration into the mucosa and mild inflammation (37) .
In our previous study (8) , we reported that exposure to MS in neonatal rats resulted in their vulnerability as adults to develop colonic pathophysiology in response to acute stress; such changes were abrogated by a single i.p. injection of ␣-helical CRH (9 -41) 30 min before stress exposure. This antagonist is thought not to cross the blood-brain barrier (38) , suggesting that peripheral CRH receptors were involved in the intestinal response. Therefore, we were interested in examining the possible role of CRH receptors in gut dysfunction in immature animals. MS pups injected subcutaneously daily with CRH receptor antagonist demonstrated inhibition of colonic abnormalities. This implies that peripheral CRH receptors may also play a role in the colonic mucosal changes induced by MS. Other mediators such as nerve growth factor may also be involved (9) . Further studies are required to determine the sequence of biochemical events and pathways leading to gut pathophysiology as a result of neonatal psychological trauma.
In conclusion, immature rats show alterations in intestinal parameters as a direct result of early life stress. Some aspects of pathophysiology recover within a short period of time; however, other aspects of barrier dysfunction are long lasting. The period of impaired barrier function could allow enhanced penetration of antigens and/or microbes into the body, resulting in immune stimulation. In later life, stress-induced reuptake of these antigens may lead to inflammation and associated symptoms such as visceral hypersensitivity. Our study provides further evidence implicating CRH in colonic dysfunction resulting from psychological stress. 
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